Using first-principles density-functional theory (DFT) calculations, we predict the potential for unprecedented zT = 5 at 800 K in n-type Ba2BiAu full-Heusler compound. Such a high efficiency arises from intrinsically ultralow lattice thermal conductivity coupled with very high power factor reaching 7 mW m −1 K −2 at 500 K. The high power factor originates from the isolated, highly dispersive conduction band with sixfold pocket multiplicity. It experiences very weak acoustic phonon scattering due to limited phase space, leading to long electron lifetime and high conductivity. The pocket multiplicity also benefits high conductivity and sustains high Seebeck coefficient. The Lorenz number at optimal doping ranges is consistently smaller than the Wiedemann-Franz value, an integral feature for zT enhancement as electrons are the majority heat carriers.
PACS numbers: ****** Thermoelectric materials can be used to directly convert heat into electricity and vice versa, which has technological applications in energy harvesting and refrigeration. The indicator of thermoelectric efficiency is the dimensionless figure of merit known as zT . For effective commercialization of thermoelectrics, materials with zT > 4 are often coveted. Unfortunately, conversion efficiencies of even the best thermoelectric materials have been stagnant at zT < 3, only in rare cases surpassing even zT = 2 [1] [2] [3] [4] . At room temperature and below, only alloys of Bi 2 Te 3 have offered competitive zT [5] [6] [7] [8] .
The difficulty of realizing efficient thermoelectrics can be understood from the definition zT = α 2 σT κ . Here, α 2 σ is known as the thermoelectric power factor, composed of the Seebeck coefficient (α) and electronic conductivity (σ). The total thermal conductivity (κ) is the sum of lattice thermal conductivity (κ lat ) and thermal conductivity due to electrons (κ e ). Clearly, a desirable thermoelectric material would feature high α and σ, while exhibiting low κ, but such a combination is inherently difficult to achieve. Researchers have discovered many methods and principles that suppress κ lat while minimally damaging the power factor [9] [10] [11] [12] [13] [14] [15] . However, achieving a simultaneously high power factor within a given material has not been as successful. The power factor itself suffers from the fact that σ and α benefit from competing physical parameters. For one, high temperature often benefits α at relevant carrier concentrations, but at the expense of σ. Also, α is high at low doping levels and fades with doping, while σ tends to monotonically increase with doping. It is then no surprise that materials with high zT are very difficult to come by.
It is in this context that we present our prediction of unprecedented zT = 5 at 800 K in n-type full-Heusler Ba 2 BiAu. This material is a member of the family of full-Heusler compounds recently discovered to be stable and to exhibit ultralow intrinsic lattice thermal conductivity arising from anharmonic rattling of heavy atoms [16] . In particular, Ba 2 BiAu has κ lat that approaches the amorphous limit at high temperatures. Here, we predict that Ba 2 BiAu also features high n-type power factor resulting in high zT . Via first-principles DFT calculations, we show that its lone, highly dispersive conduction band is responsible for the high power factor. Fig. 1 is the electronic structure of Ba 2 BiAu calculated using Quantum Espresso [17] with norm-conserving pseudopotentials and Perdew-Becke-Ernzerhof (PBE) exchange-correlation functional [18, 19] . We confirm that projector-augmented wave (PAW) [20] pseudopotentials lead to only minor changes in the band structure. Spinorbit coupling (SOC) leads to a slight curving of the otherwise flat top-most valence band at the L-point and reduces the band gap. Most importantly it leaves the lone, highly dispersive band at the conduction band minimum (CBM) intact. This highly dispersive conduction band is a promising feature for high power factor. First, its location along the Γ-X direction gives it a sixfold pocket multiplicity. Pocket multiplicity, or band degeneracy, directly benefits σ since carrier concentration increases for given Fermi level. Also, since the Seebeck coefficients of all pockets are weighted equally, pocket multiplicity does not harm α through multi-band effect [21] . Second, the band's dispersive nature provides only a very small phase space for electron scattering by acoustic phonons. Since acoustic phonon scattering is often the most harmful process to electron transport, long electron-phonon lifetime and high mobility can be expected near the CBM.
In our calculations, we consider the two major scattering mechanisms at work in thermoelectric materials: electron-phonon scattering and ionized impurity scattering. For electron-phonon scattering, we first explicitly calculate electron-phonon interaction matrix elements over a coarse 8 × 8 × 8 k-point mesh using density- functional perturbation theory [22, 23] . We then use maximally localized Wannier functions [24] [25] [26] for an efficient interpolation of the matrix elements onto a dense 40×40×40 k-point mesh using the EPW software [27] [28] [29] . This treatment accounts for both intravalley and intervalley scattering. Long-ranged polar optical scattering matrix elements are calculated separately and added to the total matrix elements on the dense mesh [30] . With the matrix elements, electron self-energy can be calculated, whose imaginary part is related to carrier lifetime. For further theoretical details, refer to the supplementary materials [31] . With lifetime at hand, we employ the Boltzmann transport equation within the relaxation time approximation to calculate σ and α:
Group velocity (v) and lifetime (τ ) depend on band ν and wavevector k. Ω is the primitive cell volume, F is the Fermi level, and f ( − F ) is the Fermi-Dirac distribution. The summations of Eqs. 1 and 2 are performed using BoltzTraP [32] with pre-calculated electron-phonon lifetimes. Mobility limited by ionized impurity scattering (µ ii ) is estimated using the aMoBT software [33] which implements an improved form of the Brooks-Herring theory that takes into account band non-parabolicity [34, 35] . The overall mobility (µ) is obtained by combining µ ii with µ eph according to the Matthiesen's rule,
and is used to rescale σ. We neglect SOC for the analysis of scattering, since it has little effect on phonons [16] and the relevant portions of the electronic structure. By the same token, we also neglect SOC for transport calculations aside from correcting the band gap. We replace the plain PBE gap of 0.44 eV with 0.56 eV obtained from the Tran-Blaha-modified Becke-Johnson potential (mBJ) [36] with SOC incorporated. The calculated electron-phonon scattering lifetimes at 300 K are shown in Fig. 2(a) . If only acoustic phonon scattering is treated (see red dots) , electron lifetime near the CBM is roughly two orders of magnitude longer than those of the hole states near the valence band maximum (VBM). This verifies that acoustic phonon scattering is indeed very weak, as expected due to the limited phase space for the dispersive band. Inclusion of polar optical scattering reduces carrier lifetime by many factors at the CBM (see black dots). This leads to the conclusion that polar optical scattering is the dominant scattering mechanism at the CBM, mirroring the characteristics of other dispersive-band, high-mobility materials such as InSb and GaAs. As Fig. 2(b) shows, mobility and therefore electron transport in general is limited by polar optical scattering. The contribution of ionized impurity scattering is for the most part small other than at very high doping concentrations.
The thermoelectric power factor of n-type Ba 2 BiAu is plotted in Fig. 3 . The power factor reaches the maximum of 7 mW m −1 K −2 at 500 K. This is among the highest n-type power factors for bulk semiconductors. It even nears 8 mW m −1 K −2 of p-type half-Heusler NbFeSb at 500 K [37] , which has the highest overall power factor known to date amongst semiconductors. The high power factor of Ba 2 BiAu is attributed in part to high conductivity arising from the sixfold pocket multiplicity and weak acoustic phonon scattering that elevates electron lifetime at the dispersive conduction band. Also, the band is capable of generating high n-type Seebeck coefficient that exceeds −300 µV K −1 at 800 K. For the plots of conductivity and the Seebeck coefficient, refer to the supplementary materials [31] . Fig. 3(b) shows that the maximum power factors require degenerate doping into the conduction band, which is typical of phononlimited electron transport. It is worth mentioning that the introduction of polar optical scattering reduces what would otherwise be acoustic-phonon-limited power factor by nearly an order of magnitude. We find that ionized impurity scattering lowers the overall power factor by 25% at 300 K and by about 15% at 500 K and 800 K. Ultimately, high zT requires high power factor coupled with low thermal conductivity. Ba 2 BiAu has already been predicted to possess ultralow lattice thermal conductivity [16] . κ lat is 0.55 W m −1 K −1 at 300 K and 0.2 W m −1 K −1 at 800 K, closing on the amorphous lower limit. Because of such low κ lat , heat is mainly carried by electrons (κ e ≥ 1 W m −1 K −1 ). Since κ e > κ lat , small Lorenz number (L) is indispensable for the enhancement of zT . This statement can be generalized beyond Ba 2 BiAu to any wishful high zT material since it must have low κ lat and high power factor. As Fig. 4 shows, our calculation indicates that throughout non-degenerate doping ranges, L < L WF in the favor of zT , where
e 2 is the Wiedemann-Franz Lorenz number. Such a negative deviation from WiedemannFranz law is attributed to energy-dependent electron lifetime due to electron-phonon scattering. A simple illustration is provided by the non-degenerate approximation to the single parabolic band model, according to which [38] 
where the energy-dependence of scattering controls the constant r. For polar optical scattering, r = The combination of high power factor and low thermal conductivity in Ba 2 BiAu leads to unprecedentedly high n-type zT = 5 at 800 K. This value is higher by far than any other 3D bulk thermoelectric to date. At 300 K, we predict zT = 1.4, which would also be the highest for an n-type material at room temperature. that the peaks of zT form at noticeably lower doping concentrations compared to those of the power factor.
Optimal n e for zT in fact corresponds to non-degenerate doping regime, as shown by Fig. 5(b) . The large difference between the the optimal n e for the power factor and zT is reflective of the fact that κ e contributes heavily to the total thermal conductivity. If κ e > κ lat and L is relatively constant with n e , zT favors lower n e where the Seebeck coefficient is high. Plus, we note that our calculations result in zT = 0.8 at 200 K and zT = 0.2 at 100 K. Though not as remarkably high as the values we highlight, they are still respectable considering the very low temperatures. Ba 2 BiAu has been projected to have higher p-type power factor than n-type power factor due to its flatand-dispersive valence band [16] . Flat-and-dispersive bands in general have been associated with the insight drawn from electronic structures of low-dimensional systems [39, 40] . In superlattices, bands are dispersive inplane, resulting in high mobility, and flat out-of-plane, resulting in step functions as density of states to the benefit of the Seebeck coefficient. Some bulk 3D compounds have been discovered to exhibit similar electronic structures where a flat band inducing high α and a light band inducing high σ coexist [41] .
However, according to our calculations, the highest ptype power factor for Ba 2 BiAu is merely 2.5 mW m −1 K −2 at 500 K and the highest p-type zT is at best 2 at 800 K. We find that the flat portion of the band offers plethora of acoustic phonon scattering space. In fact, acoustic phonon scattering alone reduces hole lifetime at the VBM below the overall electron lifetime at CBM. Also, we find that p-type α at the optimal hole doping level is in fact lower than n-type α. This shows that highly dispersive bands that minimize the acoustic phonon scattering channel can outperform flat-anddispersive bands. On another note, the maximum n-type power factor and zT require an order of magnitude less doping than the p-type counterparts. It results from the fact that the more dispersive band has higher mobility and therefore requires less carrier concentration to activate the optimal power factor and zT . This highlights yet another advantage of a dispersive band since the need to dope less may facilitate synthesis.
In summary, we predict that Ba 2 BiAu has the potential to achieve zT = 5 at 800 K and zT = 1.4 at 300 K, as per rare complementation of very high power factor, ultralow lattice thermal conductivity and small Lorenz number. We trace the origin of high power factor of Ba 2 BiAu to the lone, highly dispersive conduction band. Due to the small phase space, electrons there experience very weak acoustic phonon scattering. Even with polar optical scattering included, the electrons in the conduction band have longer lifetimes than the holes in the valence band by factors of many. Long lifetimes and sixfold pocket multiplicity lead to high conductivity, while n-type Seebeck coefficient is somewhat higher than the ptype counterpart. The resulting n-type power factor tops out at 7 mW m −1 K −2 at 500 K. Small Lorenz number, L < L WF , reduces the electronic contribution to thermal conductivity, which dominates the overall κ. The dispersive conduction band produces a much higher n-type power factor and zT than the flat-and-dispersive valence band for the p-type case. The predictions of this work are offered for experimental synthesis and characterization, which would constitute a proof of principle that zT above 4 is attainable.
Ba 2 BiAu is full-Heusler compound, which can be described as a rock-salt structure of Bi and Au with all eight of its diamond sublattice positions occupied by Ba. Its primitive cell is that of face-centered cubic with additional atoms in the interior. Relaxation of crystal structure and self-consistent calculation of electronic structures of the primitive cell are performed using two different schemes: using norm-conserving (NC) pseudopotentials on Quantum Espresso (QE), hereafter NC-QE, and using PAW pseudopotentials on Vienna Ab Initio Simulations Package (VASP) [1] [2] [3] [4] , hereafter PAW-VASP. PBE exchange-correlation functional is used for both cases. Plane-wave energy cut-off of 120 Ry and energy convergence threshold of 10 −8 Ry are used for all NC-QE calculations. Plane-wave energy cut-off of 600 eV and energy convergence threshold of 10 −7 eV are used for all PAW-VASP calculations.
The ground-state lattice parameter of Ba 2 BiAu as calculated by NC-QE is 8.30Å, and that by PAW-VASP is 8.42Å. Ba 2 BiAu has not been synthesized at all to date, so experimental data are unavailable for comparison. NC-QE and PAW-VASP yield more or less the same band structures for both compounds near their energy gaps. The 0 K band gap of Ba 2 BaAu is 0.44 eV when calculated with plain NC-QE and 0.45 eV when calculated with PAW-VASP. With Heyd-Scuzeria-Ernzerhof (HSE) correction [5, 6] , the gap increases to 0.74 eV. 0.25 eV. The most accurate value is likely predicted by the mBJ functional with SOC, which yields ∆E g of 0.56 eV. It is this value we use for transport calculations. Ba 2 BiAu features pipe-like isoenergy surface at the valence band maximum, reflective of its flat-and-dispersive nature. Effective mass (m) is large along the pipes, corresponding to the flat direction, and small around the pipes. On the other hand, the isoenergy surface at the CBM is a set of oblates poised in the middle of the six Γ-X directions. These oblates reflect that m is very small along most of the directions, characteristic of the dispersive conduction band. 
ELECTRON-PHONON SCATTERING
Since an accurate description of electron-phonon scattering is critical for thermoelectric performance, we perform rigorous matrix element calculations. Electronphonon interaction matrix elements and corresponding electron self-energies are treated within the framework of harmonic phonon perturbation to electronic states. Electron-phonon scattering rate (inverse lifetime) dependent on band ν and phonon mode λ is calculated as
Here, Σ Im is the imaginary part of electron self-energy, a.k.a., electron linewidth, defined as arXiv:1804.09392v1 [cond-mat.mtrl-sci] 25 Apr 2018
where ω is phonon frequency, N q is the number of q-points, δ are energy-conserving delta functions, b is phonon population given by the Bose-Einstein distribution, and f is electron population given by the FermiDirac distribution. The most important ingredient in the evaluation of Σ Im is mode-and-band-resolved electronphonon interaction matrix elements:
In the above expression, ψ (0) is the ground-state wavefunction and ∂V is the perturbation due to atomic displacement by harmonic phonons. Since explicit calculation of a matrix element of the form of Eq. S3 is computationally expensive, a reasonable approach is to compute it on a coarse mesh and then to interpolate it onto a much denser mesh throughout the Brillouin zone. To accomplish this, we use the EPW software, which performs the interpolation via maximally localized Wannier functions (MLWF). Polar optical scattering cannot be treated with Wannier interpolation due to the long-ranged nature of the interaction and the localized nature of MLWF. Therefore, they are calculated separately and then added to the total matrix elements on the dense mesh. The longranged polar optical scattering matrix elements are given by
ν k+q e i(q+G)·r ψ
νk ,
where Z * is the Born effective charge tensor, ∞ is the high-frequency dielectric permittivity tensor, M a is the mass of atom a, e is phonon eigenvector, G is the reciprocal lattice vector, and r is atomic position vector.
Since EPW runs in conjunction with QE and is compatible only with NC pseudopotentials, NC-QE rather than VASP is our DFT tool of choice for all calculations involved in electron-phonon scattering. In preparation for electron-phonon calculations, we first perform structural relaxation and self-consistent energy minimization. their interaction matrices with electrons using a 8 × 8 × 8 k-point mesh for electrons and a 4×4×4 q-point mesh for phonons by density functional perturbation theory. Finally, we interpolate the matrix elements onto 40×40×40 k-point mesh and q-point mesh. We confirm the localization of the Wannier Hamiltonian, the real-space dynamical matrix and electron-phonon interaction matrix elements from their decay over short ranges, as shown in Fig. S3 . We also confirm the quality of Wannier interpolation by reconstructing the band structure from interpolation and matching it with the self-consistently calculated band structure.
Carrier conductivity and the Seebeck coefficients are provided in Fig. S4. 
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FIG. S4. (Color online) a)
The absolute n-type Seebeck coefficients and 500 K p-type Seebeck coefficient versus the respective carrier concentrations. b) The n-type conductivity.
